Defects usually play an important role in tuning and modifying various properties of semiconducting or insulating materials. Therefore we study the impact of point and line defects on the electronic structure and optical properties of MoS 2 monolayers using density-functional methods.
I. INTRODUCTION
Defects usually play an important role in tuning and modifying various properties of semiconducting or insulating materials. Substitutional defects in semiconductors are employed to increase the electrical conductivity of the material. The defects create impurity states (in-gap states) in the band gap near the valence (p-type) or conduction (n-type) band edge that, when thermally populated or depopulated, create free charge carriers and thus enhance the conductivity. In ionic crystals certain types of defects form luminescent centers, such as With the recent rise of 2D materials there has also been a considerable research interest in transition metal dichalcogenides (TMDs) monolayer structures such as molybdenum disulphide (MoS 2 ). A MoS 2 monolayer (ML) consists of two atomic layers of close-packed S atoms separated by one close packed Mo atomic layer 2 and it is a semiconductor with an direct optical band gap of 1.9 eV, 3,4 whereas its bulk counterpart has an indirect optical band gap of 1.3 eV 5 . Compared to the bulk a ML exhibits stronger photoluminescence and reduced screening leads to strong excitonic effects. 3,4 Because of such advantageous optical and electronic properties, MoS 2 is believed to be a promising building block for future applications in nanoelectronics and optoelectronics 6,7 .
Combining the interesting physics of defects with the unique properties of MoS 2 seems very promising and various experimental studies of point defects have been reported [8] [9] [10] [11] .
Among many other insights, these works highlight the importance and abundance of sulfur vacancy defects. Theoretical studies of various point defects [12] [13] [14] [15] [16] consistently explain this with a low formation energy of this defect. Sulfur vacancy defects are currently believed to 2 be the main reason for the low mobility, observed in back gated field effect transistors using 
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This corresponds to defect concentrations of the order 1% (see Table I ). The concentration dependence of the optical and transport properties of random point defects in the limit of small concentration (1% and smaller) were studied within an empirical tight-binding approach by Yuan et al. 12 Here we are mostly interested in the localization of individual defects and therefore study larger concentrations.
Our results for sulfur mono and divacancies and Mo and MoS 2 vacancies and mirror and tilt grain boundaries (line defects) show that defects states in MoS 2 ML are strongly localized on the defect. The strongly localized nature is reflected in weak electronic interactions between individual point or line defect and a weak dependence of the defect formation energy on the defect concentration or line defect separation. Most significantly, these point and line defects create sharp, characteristic peaks within the band gap, but the electronic bulk properties of the ML are robust for defect concentrations of up to about 6%. The impact of point defects on the optical absorptions for concentrations of 1% and below is found to be very small. Similarly, the considered line defects are found to have a almost no impact on the absorption spectrum. orbitals for molybdenum, and the 3s and 3p orbitals for sulfur. States below these levels were treated within a frozen-core approximation.
Moreover, we have used time-dependent density functional response theory within the DFTB formulation (TD-DFRT-TB) for the calculations of all excitation spectra 38 . This is also referred to a linear response theory. 39 To obtain the excitation energies, the coupling matrix, which gives the response of the potential with respect to a change in the electron density, has to be built. In our scheme, we approximate the coupling matrix in the so-called γ-approximation, 38,40 which allows for an efficient calculation of the excitation energies and the required oscillator strengths within the dipole approximation. The γ-approximation is based on the adiabatic LDA approximation which does not include electron-hole interactions.
Therefore excitonic effects are not described. The proper description of excitonic effects goes well beyond the scope of this work and is currently only possible for systems with only a few atoms per unit cell. 41 The TD-DFRT-TB method, however, allows to study systems with thousands of atoms.
DFTB and TD-DFRT-TB calculations were performed with the deMon computer code 42 using periodic boundary conditions. The k-space was sampled at the Γ-point, only. Therefore all calculations were done in sufficiently large supercells.
The line defects were structurally optimized with density functional theory (DFT) calculations using the Vienna Ab-initio Simulation Package (VASP). 43, 44 These optimization runs were performed with the PBE generalized gradient approximation for the exchange-correlation functional, 45 employing the PAW method 46 and a plane-wave basis set with a kinetic energy cutoff of 364 eV. For the k-point sampling of the Brillouin zone, Γ-point centered grids and an in-plane sampling density of 0.1/Å 2 were used. The k-space integration was carried out with a Gaussian smearing width of 0.05 eV for all calculations.
In all calculations we simulate infinite 2D layers and use periodic boundary conditions.
The unit cells were built with at least 14Å separation between replicas in the perpendicular direction to achieve negligible interaction. All systems were fully structurally optimized until all inter-atomic forces were below 0.01 eV/Å. 49 Spin-orbit interactions (SOI) in MLMoS 2 induce a small band splitting of ca. 0.15 eV near the valence band maximum but they have negligible influence on the geometry, heat of formation, and the localization of in-gap states. 47 Therefore we neglected SOI, because these SOI effects are very small compared to the effects that we are discussing below.
III. RESULTS AND DISCUSSION
A. defect structures of adjacent grains of ML-MoS 2 and the numbers (e.g. 8-4 or 5-7) correspond to the sequence of topological "polygon" defects that create the GB. Mind that the defects are only polygons in the planar projection and that their actual structure is three-dimensional. The tilt angle of mirror GBs is 60
• (or 180
• or 300 • ). Furthermore there are different ways of constructing 5-7 line defects. Our 5-7 defects include Mo-Mo bonds in the 7-rings and S-S bonds in the 5-rings. They are structurally identical on the left and on the right side. Different types of 5-7 GB were previously studied. 20 Since we use periodic boundary conditions, the tilt, induced by one GB, has to be compensated by a second GB with an opposite tilt to create a periodic system. Therefore all our supercells contain two GBs, one on the left and one on The LDOS is the contribution of an individual atom to the total DOS. We analyzed the LDOS of all considered systems and the result was always as it is shown in Fig.3 the limit of high concentrations. We used DFTB to calculate the defect formation energy as described in the appendix and listed in table II. The relative increase of the defect formation energies of V S and V 2S defects from concentrations of 1.2% to 6.3%, 11.1%, and 25% on the average is only 3% and 7%, 25%, respectively. This result is particularly significant for systems with 25% defects, where every fourth unit cell has a defect and still the defect formation energy for sulfur vacancies increases only by 25% as compared to the dilute limit (1.2%). The strongly localized nature of the defect states leads to very small interactions between individual defects, even if they are separated by only a few nanometers (also see the defect separations in Tab. I). This result explains why sulfur vacancy defects can be found in high concentrations. 10 For simplicity, our defect structures are symmetrically arranged and homogeneously distributed. This is certainly an idealized situation. However, the strong localization of the defect states and the small electronic interactions between them, leads us to conjecture that the insights of this article will be largely independent of the specific The highlighted states are 'deep levels'. Additionally, the defects also induce 'shallow levels' that are close to the valence or condition band edges or levels that lie deep within these bands. In Fig. 4 the latter states are not explicitly indicated.
Single and double sulfur vacancies V S , V 2S are characterized by a single peak near the center of the band gap. The peak corresponds to two unoccupied states (this counting neglects the spin-degeneracy). 9, 13, 15, 16 The difference between V S and V 2S is that the level shifts to lower energies. Mo point defects induce three deep levels. The two levels at lower energies are two-fold degenerate and the last one is a non-degenerate state. An analysis of real line defects in the transmission electron microscope reveal that real structures can rarely be considered as ideal and periodic. 18 They are rather irregular with occasional periodic fragments. For the theoretical analysis such periodic fragments, however, offer a good model to analyze the basic change of the electronic structure due to GBs.
The fact that our line defects are one-dimensional, periodic structures leads to the formation of a defect band structure that are related to states that are delocalized along the direction of the GB. However, as demonstrated in the previous section, the states do not spread out much into the direction perpendicular to the GB. The cosine-like dispersion of the defect bands leads to a broader energy signature in the density of states (Fig. 5 ) as compared to point defects. The most dispersive defect bands occur as typical double peaks in the DOS (e.g. 84-GB or 488-GB). The influence of varying defect concentrations on the electronic structure is depicted in Fig. 6 for the examples of V 2S and V M o . For defect concentration of up to 6% the bulk electronic structure is left almost intact. With increasing concentration the in-gap states grow in intensity due to a stronger relative weight as compared to the ideal ML. Due to their strongly localized nature, defects do not interact much and therefore remain quasi-isolated objects. As a consequence the energy position of the in-gap states remains constant and is not changing as the concentration increases. Only for concentrations of 10% and more, the modifications of the general electronic structure are significant and for 25% even the bulk states are strongly influenced, as it to be expected for such high defect concentrations. The same trends were found for the other considered point defects (V S and V M oS 2 , not shown). The concentration dependence of the optical and transport properties of random point defects in the limit of small concentration (1% and smaller) was studied previously within an empirical tight-binding approach by Yuan et al. 12 The general impact on the transport and optical properties at these concentrations was found to be rather small and our study confirms these results. Here, we study the impact of point defects in the limit of higher defect concentrations (more than 1.2%). Figure 7 (a) shows our results which are based on the explicit calculations of the oscillator strength using TD-DFRT-TB which takes into account the symmetry of the orbitals, the dipole transition matrix elements as well-as manybody energy renormalizations of the transition energies. Such approach is necessary because the intensity of specific optical transitions cannot be inferred from pure electronic structure analysis as done in the previous section. For the defect-free ML the ('bulk') absorption edge is found to be at 1.9 eV, which agrees well with experimental findings. 3,4 Increasing 13 defect concentrations for all defects (i) lower the absorption at energies greater than 1.9 eV and (ii) introduce absorption peaks at energies smaller than 1.9 eV. Sulfur defects at high concentrations (above 10%) introduce intense defect peaks, while for V M o and V M oS 2 the absorption is generally low. So the creation of V M o defects in high concentrations would be a way to quench the the overall absorption in MoS 2 , while samples with high concentrations of V S or V 2S defects introduce intense spectral features below the bulk absorption edge.
However, at defect concentrations of 1.2% and below the overall impact on the absorption spectrum for all type of defects is very small and the absorption spectrum nearly coincides with that of the defect-free ML. 
IV. CONCLUSIONS
In view of recent experiments that explore physical phenomena of defective transition metal chalcogenides (doping, optical properties, single-photon emission) our study aimed at a deeper understanding of such systems. We employed electronic structure methods based on density functional theory to study the electronic and optical properties of single layer The defect formation energy as discussed in Sec. III B is defined as
where E system is the total energy of a supercell with N defect defects, N Mo,S is the number of a93d907e49621855b101f96e0a36e3d6.
